We demonstrate efficient generation of high-order anti-Stokes Raman sidebands in a highly transient regime, using a pair of ϳ100-fs laser pulses tuned to Raman resonance with vibrational transitions in methane or hydrogen. The use of this technique looks promising for efficient subfemtosecond pulse generation. © 2004 Optical Society of America OCIS codes: 190.5650, 190.4410, 190.2620, 320.2250 In the past decade nonlinear generation of ultrabroadband spectra by means of either high-order stimulated Raman scattering (HSRS) or high-order harmonic generation (HHG) has been extensively studied for the purpose of generating subfemtosecond light pulses. Both processes generate a comb of phase-coherent frequency components that can be compressed to a train of subfemtosecond pulses. What is to our knowledge the f irst experimental demonstration of subfemtosecond x-ray pulse generation was achieved by HHG.
In the past decade nonlinear generation of ultrabroadband spectra by means of either high-order stimulated Raman scattering (HSRS) or high-order harmonic generation (HHG) has been extensively studied for the purpose of generating subfemtosecond light pulses. Both processes generate a comb of phase-coherent frequency components that can be compressed to a train of subfemtosecond pulses. What is to our knowledge the f irst experimental demonstration of subfemtosecond x-ray pulse generation was achieved by HHG. 1 HSRS offers an attractive alternative to HHG because its conversion eff iciency of the pump-pulse energy into the sidebands can approach unity, 2, 3 whereas the conversion eff iciency is typically less than 10 26 in HHG. In this Letter we report what we believe is the f irst investigation of HSRS sideband generation involving two ϳ100-fs laser pulses tuned to a Raman resonance in molecular gases.
Eff icient generation of HSRS sidebands was experimentally demonstrated in an adiabatic regime by use of a pair of nanosecond pump pulses tuned to a Raman resonance in deuterium. 4 The nanosecond duration of the pulses and a careful choice of the Raman detuning ensured an adiabatic evolution of the quantum system and the preparation of a maximal coherent superposition of the ground and the f irst excited states. The spectrum that was generated was then compressed to a train of pulses with duration t ϳ 2 fs, 5 and the separation between neighboring pulses in the train was equal to the vibrational period T ϳ 11 fs of deuterium. This results in a train of ϳ10 5 pulses, which is not convenient for many applications in which fewer and more energetic ultrashort pulses are desirable.
When pump f ields with shorter durations are used, the number of pulses in the train can be substantially reduced, but at the same time the efficiency of the Raman conversion process is reduced relative to that for f ields with longer pulses, owing to competing nonlinear effects such as self-phase modulation (SPM) that are driven by high-intensity short pulses. When the laser pulse's duration is much shorter than the dephasing time T 2 of the molecular vibrations, a highly transient regime is reached. 6 This is so for laser pulses of t ϳ 100-fs duration. These pulses are typically too long to reach the impulsive regime (where the pulse duration is shorter than the vibrational period 3 ) for molecules with large vibrational spacing. Most experiments with highly transient HSRS reported in the literature have been carried out with a single-pump laser 7 ; thus the f irst Stokes sideband must grow from the background noise through conventional stimulated Raman scattering before eff icient highorder generation can occur through four-wave Raman mixing. 8 However, the eff iciency of the process can be considerably increased if a second pump field with comparable pulse duration and energy is applied and the frequencies of both lasers are tuned to Raman resonance. 9 The experiment described here deals with highly transient HSRS sideband generation implemented with two pump laser pulses. A small fraction of the output of a Ti:sapphire chirped-pulse amplif ication system (central wavelength, l 1 800 nm; pulse duration, t 1 70 fs; pulse energy, E 20 mJ; repetition rate, 10 Hz) was used to provide the first pump laser pulse. The largest part of the chirped-pulse amplification beam was frequency doubled to provide the pump radiation for an optical parametric amplifier (OPA) consisting of two b-barium borate (type I) collinear amplif ication stages. The OPA provided the second pump pulse at a wavelength l 2 tunable from 450 to 800 nm and with a pulse duration of t 2 ϳ 250 6 50 fs. The Raman-active molecular medium was conf ined in a 50-cm-long fused-silica capillary with an inner diameter of 170 mm. We used input pulse energies of E 1 500 mJ and E 2 60 mJ. The transmission efficiency was ϳ20% for the IR beam at l 1 and ϳ50% for the visible beam at l 2 (OPA). The focal spot diameters were d 1 d 2 100 mm; therefore we estimate peak intensities of I 1 4 6 2 3 10 13 and I 2 2 6 1 3 10 12 W͞cm 2 inside the capillary core.
The anti-Stokes HSRS spectrum of the generated radiation was measured in a spectrometer with a spectral range of 200-850 nm and a calibrated spectral response. The Stokes spectrum could not be measured because the spectrometer was not sensitive for wavelengths longer than 850 nm. Figure 1 shows the HSRS spectrum obtained in hydrogen at a pressure of sidebands are generated with the two-color pump field, whereas no sidebands are generated when only one pump pulse is used. The generated bandwidth spans the whole visible range through to the ultraviolet. We also observed at least one strong Stokes sideband, at l ϳ 1200 nm, by dispersing the generated radiation with a prism onto an infrared detection card.
We performed the same experiment in methane by tuning l 2 to the relevant Raman resonance. The results are shown in Fig. 2 for several values of the gas pressure, with and without the pump pulse at l 2 . When both pumps were used, a maximum of seven anti-Stokes sidebands were generated [ Fig. 2(a) ]. We also observed, as in hydrogen, one strong Stokes sideband, at l ϳ 1040. As with hydrogen, no sidebands were produced with pump pulse l 1 only. We point out that we obtained high conversion eff iciencies by using gas pressures and pulse energies that were much lower than previously reported for other stimulated Raman scattering experiments carried out with a single femtosecond pulse, for which gas pressures of the order of 3 3 10 6 Pa and pulse energies approaching 1 mJ were necessary to produce a similar conversion efficiency in only the f irst-order sideband. 7 As is evident from Fig. 2(a) , when only the l 1 pump pulse is used, a blueshifted shoulder appears on the pulse spectrum (darker curve), which we attribute to SPM. Such an effect is suppressed when the second pump pulse, at l 2 , is switched on [ Fig. 2(a) , lighter curve]. This indicates that the two-color pumping ensures eff icient Raman conversion, dominating the competing process of SPM. For pressures higher than p 1.6 3 10 4 Pa the number of generated sidebands did not increase and the spectra evolved progressively from a comb of a few well-defined sidebands to a broad supercontinuum [ Fig. 2(b), lighter curve] . This supercontinuum generated with two pump pulses {which is broader than the self-phase-modulated spectrum obtained with only the l 1 pump pulse [ Fig. 2(b) , darker curve]} could permit the generation of isolated subcycle pulses, which would be important for many applications. In the inset of Fig. 2(b) we show the Fourier transform of the spectrum obtained with two pump pulses, calculated assuming a f lat spectral phase. A pulse with a FWHM duration of t 1.0 fs can be supported, with satellite pulses with intensities smaller than 1% of the main peak. In practical terms, the compression of a pulse with such a broad spectrum could be achieved, for example, with a liquid-crystal spatial light modulator. To investigate the properties of the supercontinuum we modified the experimental setup by slightly stretching and chirping the pump pulse at l 1 (which is the shortest and the most intense pulse) by propagating the pulse through a 200-mm-long fused-silica block, which stretched the pulse duration to t ϳ 400. In this case the spectral broadening was strongly reduced and the spectrum comprised well-def ined Raman sidebands [ Fig. 2(c) ]. Because SPM should decrease with longer pulse duration (lower intensity), this observation suggests that SPM plays an important role in the observed spectral broadening. The inset of Fig. 2(c) again shows the Fourier transform of the spectrum obtained with two pump pulses. As a consequence of the sideband structure of the spectrum, the result gives a pulse train in time, with a strong main pulse and satellite pulses separated from the main pulse by a time equivalent to the vibrational period T ϳ 11 fs. The FWHM duration of the main pulse is 0.82 fs.
It can easily be calculated that with our experimental parameters the conditions for adiabatic excitation are not satisf ied, 10 as the ratio between the number of photons in the pulses and the number of molecules in the beam path is only ϳ10
23 . This implies that the prepared coherence in the medium cannot be maximal. Nevertheless, the high conversion eff iciency observed serves as evidence of the preparation of substantial coherence in the system. As our pump pulses are shorter than the dephasing time T 2 (which is of the order of 30 ps for methane and 2 ns for hydrogen at a pressure of 1 3 10 5 Pa) the coherent molecular motion will last after the pump pulses are gone and therefore may be used for subsequent Raman scattering of a delayed probe pulse, as in the earlier impulsive experiments. 3 Compared to an impulsive scheme, our setup offers the advantage of exciting high-frequency Raman transitions without stringent requirements on the pump-pulse duration. The use of relatively long pulses with respect to impulsive single-pump excitation would also reduce the effect of competing nonlinear processes on the excitation efficiency.
In conclusion, we have demonstrated a novel experimental scheme for the eff icient generation of high-order Raman sidebands and the excitation of coherent molecular vibrations in a highly transient regime with two-color pumping. Compared to a single-pulse excitation conf iguration, our two-color setup permits much higher conversion efficiency and broader generated bandwidth at lower gas pressure and also suppression of the competing SPM. The generated bandwidth is suff icient to support pulses in the subfemtosecond regime. Ultrabroadband supercontinuous emission is also generated at high gas pressures and short pump-pulse lengths. Such quasi-continua might permit the compression of isolated single-cycle pulses rather than a pulse train. Alternatively, one can control the spectral broadening by stretching the pump pulses, thus recovering the discrete nature of the generated sidebands without any loss in nonlinear conversion efficiency. The broad tunability of the OPA makes this scheme f lexible in terms of the choice of the Raman-active gas. The possibility of using this method to excite any highfrequency vibrational motions paves the way toward the generation of subfemtosecond pulses in a scheme that uses only one laser source with a pulse of duration t ϳ 100 fs.
